Myosin is an actin-based motor protein that generates force by cycling between actin-attached (strong binding: ADP or rigor) and actin-detached (weak binding: ATP or ADP⅐P i ) states during its ATPase cycle. However, it remains unclear what specific conformational changes in the actin binding site take place on binding to actin, and how these structural changes lead to product release and the production of force and motion. We studied the dynamics of the actin binding region of myosin V by using fluorescence resonance energy transfer ( actin ͉ energy transfer ͉ motor proteins ͉ myosin ͉ structural dynamics A current challenge in biophysics is to understand the mechanism of how motor proteins such as myosin convert chemical energy into mechanical work through a cyclic interaction with actin filaments. Numerous structure/function studies have converged on a structural model for force generation, where conformational changes in the active site are coupled to a large rotation of the light-chain binding region, also known as the lever arm hypothesis (1, 2). Myosin alters its affinity for actin in a nucleotide-dependent manner, from strong actin binding states (ADP or rigor state) to weak actin binding states (ATP or ADP⅐P i state), and thus phosphate release is believed to be associated with a large increase in actin affinity. Based on the high-resolution x-ray structure of myosin II (3) it was predicted that the actin binding cleft may open during ATP-induced dissociation of actomyosin and close during the release of the hydrolysis products induced by actin binding. The crystal structure of myosin V in the absence of nucleotide (rigor) demonstrated a closed conformation of the actin binding cleft (4, 5), and this structure fit quite well into the electron microscopy image reconstructions of the actomyosin rigor complex (6). Further studies of myosin II (7) and myosin V (8) by electron microscopy image reconstruction have demonstrated conformational changes in the actin binding cleft in different nucleotide states. Recently, the closed-cleft conformation was also observed in crystallographic studies of molluscan myosin II, wherein a ''counterclockwise'' orientation of the cleft rather than the extent of its closure was proposed to be critical for forming the strong binding rigor conformation (9).
A current challenge in biophysics is to understand the mechanism of how motor proteins such as myosin convert chemical energy into mechanical work through a cyclic interaction with actin filaments. Numerous structure/function studies have converged on a structural model for force generation, where conformational changes in the active site are coupled to a large rotation of the light-chain binding region, also known as the lever arm hypothesis (1, 2) . Myosin alters its affinity for actin in a nucleotide-dependent manner, from strong actin binding states (ADP or rigor state) to weak actin binding states (ATP or ADP⅐P i state), and thus phosphate release is believed to be associated with a large increase in actin affinity. Based on the high-resolution x-ray structure of myosin II (3) it was predicted that the actin binding cleft may open during ATP-induced dissociation of actomyosin and close during the release of the hydrolysis products induced by actin binding. The crystal structure of myosin V in the absence of nucleotide (rigor) demonstrated a closed conformation of the actin binding cleft (4, 5) , and this structure fit quite well into the electron microscopy image reconstructions of the actomyosin rigor complex (6) . Further studies of myosin II (7) and myosin V (8) by electron microscopy image reconstruction have demonstrated conformational changes in the actin binding cleft in different nucleotide states. Recently, the closed-cleft conformation was also observed in crystallographic studies of molluscan myosin II, wherein a ''counterclockwise'' orientation of the cleft rather than the extent of its closure was proposed to be critical for forming the strong binding rigor conformation (9) .
By placing fluorescent probes in the actin binding cleft it was directly demonstrated that the cleft opens during ATP-induced dissociation of actomyosin (10, 11) . However, there is currently no direct evidence that describes the kinetics of actin binding cleft closure in relationship to actin-activated phosphate release. In addition, there is a lack of information about how conformational changes in the cleft are coupled to structural changes in the nucleotide binding region. Most models of the actomyosin cross-bridge cycle suggest that myosin binds to actin through both ionic and hydrophobic interactions that stabilize a structural change in the actin binding region, such as closure of the actin binding cleft (1, 2) . This structural change activates phosphate release through a series of conformational changes involving one or more of the elements of the active site that coordinate nucleotide binding: switch I, switch II, and the P loop. Finally, the swing of the lever arm and force generation is thought to occur before phosphate release (12) (13) (14) . In the current study we demonstrate our ability to measure conformational changes in the actin binding region of myosin V associated with the transition from a weak to a strong actin binding complex and to correlate the kinetics of these conformational changes with biochemical steps in the actomyosin ATPase cycle.
In previous work, we labeled the upper-50-kDa domain of myosin V at residues 292-297 with the Fluorescein biArscenical Hairpin-binding dye (MV FlAsH) (15) . Fluorescence resonance energy transfer (FRET) between mant-labeled nucleotides and MV FlAsH was used to demonstrate that the nucleotide binding pocket is more closed in the presence of ATP than ADP (1-to 2-Å distance change) in the absence of actin (15) , which was also observed in other spectroscopic studies (16, 17) . In addition, we found there was no change during the actin-activated phosphate release step, suggesting that force generation occurs from a state in which the nucleotide binding pocket remains closed. A possible explanation for these results is the existence of a unique conformational change in the upper-50-kDa domain in which the nucleotide binding pocket remains closed while the actin binding cleft closes down or rotates to allow strong actin binding. To test this possibility, we labeled actin at Cys-374 with IAEDANS (5((((2-iodoacetyl)amino)ethyl)amino)-naphthalene-1-sulfonic acid) (I-actin), and used the FRET between I-actin and MV FlAsH to study the structural dynamics of the upper-50-kDa domain during the actomyosin ATPase cycle. The FRET between these two probes allowed us to demonstrate a rapid temperature-dependent conformational change in myosin that occurs on binding to actin in the ADP⅐P i state. We conclude that a pre-force generation ADP⅐P i state is populated in the acto-myosin ATPase cycle, which may be critical for the transition from weak to strong actin binding.
Results

IAEDANS-FlAsH FRET in the Weak and Strong Actin Binding States.
To investigate the weak binding states we generated myosin V with a point mutation in the switch II region (E442A MV) that essentially prevents ATP hydrolysis and therefore traps myosin V in the prehydrolysis M⅐ATP state (18, 19) . Wild-type myosin V (WT MV) was also used to examine the strong binding states and examine the transition from weak to strong binding in the transient kinetic experiments described below. The degree of energy transfer from I-actin to E442A MV FlAsH in the strong binding (nucleotide-free or rigor) and weak binding (1 mM ATP) states was monitored by the enhancement of FlAsH fluorescence after subtraction of the contribution from I-actin fluorescence (Fig. 1) . The efficiency of energy transfer (E) with the I-actin (1 M) and MV FlAsH (0.5 M) pair in the rigor state was similar for WT and E442A MV FlAsH (data not shown). In the presence of ATP, the FRET efficiency was determined from the titration curve with I-actin, which allowed us to extrapolate the efficiency at 100% bound E442A MV FlAsH:I-actin (E max ) (Fig. 1B) (15) . The data were fit to a hyperbolic equation
, where K d ϭ 2 was determined from actin cosedimentation assays and a previous study (19) }. In the presence of ATP, the FRET efficiency was 7% lower for E442A MV FlAsH compared with rigor. The calculated distances (r) between the FlAsH site and I-actin in the absence and presence of ATP are shown in Table 1 .
The efficiency of energy transfer was also measured by examining the fluorescence lifetime of I-actin in the presence of both unlabeled and FlAsH labeled E442A MV ( Fig. 2 and Table  1 ). Compared with the steady-state fluorescence results the energy transfer efficiency determined by monitoring the lifetime of the donor was found to be slightly higher in both the rigor (0.5 M I-actin/1.0 M E442A MV FlAsH) and ATP states (0.5 M I-actin/2.8 M MV FlAsH, 1 mM ATP) (Fig. 2, Table 1 ). The lifetime decays were best fit by a two-exponential function for the rigor complex and a three-exponential function in the presence of ATP (two bound components and one unbound component) (Fig. 2 , supporting information (SI) Table S1 ). In the presence of ATP, the lifetime of the unbound component was similar to that of I-actin alone and the fractional amplitude of this component was similar that expected based on the affinity of E442A MV⅐ATP for I-actin.
Transient Kinetic Measurements. We examined the kinetics of the FRET signal with WT MV FlAsH binding to I-actin, or the pyrene signal with binding to pyrene actin in the strong binding rigor state (Fig. S1 ). The association rates of MV FlAsH binding to I-actin monitored by FRET were determined by examining the fluorescence increase in the acceptor (FlAsH) after mixing MV FlAsH (0.4 M or 0.8 M) with increasing concentrations of I-actin (5-to 10-fold excess I-actin) in the stopped flow. In the rigor state the fluorescence transients were fit to a single- *Förster distance at which the efficiency of energy transfer is 50%. † Steady-state FRET efficiency calculated from the titration curve with I-actin in the presence of ATP (errors represent standard error of the fit). In the rigor state errors represent standard deviation of the mean FRET efficiency. ‡ Distance (r) between the donor and acceptor probes calculated by using a 2 value of 2/3. § The range of distances (rmin-rmax) possible based on the maximum and minimum value for 2 determined from the steady-state and limiting anisotropy (20, 21) . ¶ FRET efficiency calculated from the decrease in donor lifetime (E ϭ 1 Ϫ DA/ D). The average lifetime ͗͘ of the donor was determined in the presence and absence of acceptor. The errors represent the standard deviation of the mean from 3 to 4 separate experiments that included different protein preparations.
exponential function at each actin concentration measured. The donor-only control demonstrates that the I-actin fluorescence is minimal and does not change with unlabeled MV binding at the emission wavelengths examined (Fig. S1B ). There was also no change in acceptor fluorescence associated with binding to unlabeled actin (Fig. S1B) . The rates of binding to actin monitored by FRET were linearly dependent on actin concentration, which allowed us to determine the second-order rate constant associated with actin binding (39.1 Ϯ 2.1 M Ϫ1 s Ϫ1 ) (Fig. S1 A) . The binding of MV FlAsH to pyrene actin was monitored by pyrene fluorescence quenching (Fig. S1 A) . In the absence of nucleotide, the f luorescence transients followed a singleexponential function, and the second-order binding constant determined from the linear fit of the binding rates was similar to the FRET signal (48.8 Ϯ 0.8 M Ϫ1 s Ϫ1 ). We examined the FRET signal during the weak-to-strong transition that occurs with MV FlAsH ADP⅐P i binding to I-actin. MV FlAsH (0.4-0.8 M) was mixed with 20 M ATP, aged for 1 s, and then mixed with varying concentrations of I-actin (5-to 10-fold excess). The FlAsH fluorescence increase followed a biexponential function (Fig. 3) . Both rates were linearly dependent on actin concentration and the amplitude was dominated by the fast phase, which had an actin dependence of 49.0
) was Ͻ20% of the total amplitude and the relative amplitudes were similar at each actin concentration measured. The donor-only control demonstrates no change with unlabeled MV binding to I-actin in ADP⅐P i state. However, the acceptor-alone control shows a small rise (actin dependence Ϸ5 M Ϫ1 s Ϫ1 ) on mixing of MV FlAsH with unlabeled actin in the ADP⅐P i state, which is similar to the slow phase in the FRET signal.
For comparison to our FRET signal, actin-activated phosphate release was measured. We examined the rate of actinactivated phosphate release by using a sequential-mix experiment identical to that described above, but with the phosphatebinding protein (PBP) in the final mix (Fig. 3A) . The PBP fluorescence increase was fit to a burst followed by a linear phase. The burst rate was plotted as a function of I-actin concentration, and a linear fit was used to determine the second-order rate constant for actin-activated phosphate release
To compare our FRET signal with the pyrene actin signal, a sequential mix experiment was also performed to monitor MV ADP⅐P i binding to pyrene actin (Fig. 3A) . Using the experimental design described above we found the rates of pyrene fluorescence quenching followed a single exponential function. The rate of the pyrene fluorescence decrease was plotted as a function of pyrene actin concentration and fit to a hyperbola with a maximum binding rate of 56.4 Ϯ 6.9 s Ϫ1 . The linear phase of the curve demonstrated a second-order binding constant of 28.6 Ϯ 4.8 M Ϫ1 s Ϫ1 . The temperature dependence of the FRET signal observed with MV FlAsH ADP⅐P i binding to I-actin was determined by performing the sequential-mix experiments described above at 15°C (Fig. 4) . At 15°C, the rate of the MV FlAsH fluorescence enhancement was fit to a single-exponential function at each I-actin concentration. The second-order rate constant calculated from the linear fit of the FRET transients was 15.5 Ϯ 1.3 M Ϫ1 s Ϫ1 at 15°C, which is Ϸ3-fold slower than that measured at 25°C.
Discussion
Our data provide critical information about the conformational changes in myosin that are associated with the transition from weak to strong actin binding. The FRET efficiency with the I-actin:MV FlAsH pair is Ϸ7% reduced in the weak binding states compared with the strong binding rigor state in the Table S1 ). steady-state experiments, and Ϸ12% reduced in the lifetime measurements. These results suggest that there is a Ϸ5-to 6-Å distance change between the weak actin binding and strong actin binding states. Two possible conformational changes that could explain the distance between these two complexes are the opening/closing of the actin binding cleft, or some other conformational change in the actin binding region that prevents a tight stereospecific interaction between actin and myosin. Examination of the limiting and steady-state anisotropies of the donor and acceptor fluorophores (Table S2) in each nucleotide state allowed us to place limits on the orientation factor used to calculate the FRET distances (20, 21) . The corresponding range of possible distances is quite large with this method, which is an upper limit because it does not take into account the further depolarization caused by the energy transfer process itself ( (22) (23) (24) (25) . These results demonstrate that our FRET signal is similar to the rate of MV binding to actin in the rigor state, which is 4-to 5-fold faster than the phosphate release rate. We examined the possibility that the FRET signal only monitors the initial binding of MV to actin, by determining the temperature dependence of the FRET signal. We observed a 3.2-fold reduction in the second-order binding constant when the temperature was reduced to 15°C, indicating that the FRET signal monitors a fast conformational change instead of a diffusion-limited binding process. This conformational change may be closure of the actin binding cleft, or another conformational change in some other element of the actin binding region, such as loop 2. Our observed results with pyrene actin are similar to a study by Rosenfeld and Sweeney (24) , suggesting that the FlAsH probe does not significantly alter the actin binding process.
Conformational Change in the Actin Binding Cleft. It has been proposed that the force generation step is closely associated with phosphate release in myosin (14) . However, the specific conformational changes associated with phosphate release remain unclear. The relationship between force generation and phos- 
phate release has been intensely examined with intact muscle fiber studies (12-14, 26, 27) , solution biochemistry experiments with purified proteins (28-30), and single-molecule studies (31, 32) . Currently the most widely accepted model suggests that myosin in the M⅐ADP⅐P i state binds weakly to actin, undergoes a weak-to-strong transition forming a strongly bound actomyosin complex, which is followed by force generation and phosphate release (12) (13) (14) . Key results from optical trap studies, and tension-recovery modeling on the timing of phosphate release in skeletal muscle myosin demonstrate that force generation occurs before P i release (12) (13) (14) . In this study, we observed a new AM⅐ADP⅐P i intermediate during the actomyosin ATPase cycle. This intermediate is associated with a fast conformational change on MV⅐ADP⅐P i binding to actin and may allow for rapid attachment to actin before force generation. If the conformational change monitored by FRET is closure of the actin binding cleft, myosin must close down the cleft immediately on M⅐ADP⅐P i binding to actin (kЈ ϩ4A ), and adopt a strongly bound conformation in the AMЈ⅐ADP⅐P i state. Our results suggest that M⅐ADP⅐P i binds to actin, followed by a fast rotation of the upper-50-kDa domain that results in closure of the actin binding cleft. This conformational change may cause distortion of the transducer region (␤-sheet), generating straindependent tension that subsequently results in actin-activated phosphate release through the ''back door'' (33). A strongly bound AM⅐ADP⅐P i state has been proposed based on muscle fiber studies (14) , single-molecule laser trap studies (32), and rapid freezing EM studies (34) . The large temperature dependence of the conformational change (Q 10 ϭ 3.2) is consistent with a significant domain motion such as cleft closure that proceeds through a large activation energy barrier (U a Ϸ34 k B T). Structural and biochemical analysis of the nucleotide-free state in different myosin isoforms demonstrates that temperaturedependent rigor binding is an indication that cleft closure occurs during the binding process (i.e., a large temperature dependence for skeletal muscle myosin, U a Ϸ28 k B T, and little or no temperature dependence for myosin V) (4, 9, 23) . Thus, our temperature-dependent results are consistent with previous reports describing the energetics of cleft closure.
Structural Rearrangement of Loop 2. Alternatively, the fast conformational change monitored by our FRET signal could be a conformational change in some other element of the actin binding region, such as within loop 2. A cryo-EM study suggests that loop 2 may adopt different conformations in different nucleotide states (AM⅐ADP/rigor, AM⅐ADP⅐P i , and AM⅐ATP), and might be important for allowing myosin to stay loosely attached to actin in the weak binding states (8) . If our data represent a conformational change in loop 2, this would suggest that there is a fast structural rearrangement in loop 2 during the weak-to-strong transition. Our results may fit in with the cryo-EM studies, which suggest that loop 2 adopts a more ordered conformation in the strongly bound state (rigor, ADP). These studies suggest that loop 2 rearranges in the ATP state, and rearranges again in the transition state (M⅐ADP⅐P i ). If the structural rearrangement of loop 2 is the fast conformational change we observed by our FRET signal, myosin must undergo another conformational change to close down the actin binding cleft. Because we did not observe a second slower transition in our FRET signal we feel that this interpretation is not likely. However, it is possible that the cleft closes by a unique rotation of the upper-50-kDa domain that does not change the distance between our MV FlAsH/I-actin donor/acceptor pair. (9), which implies that the cleft has some intrinsic flexibility. We investigated the possibility that a change in the flexibility of the upper-50-kDa domain allows myosin to adopt a closed nucleotide binding pocket and closed actin binding cleft conformation. We examined the RMSD of alpha carbon atoms in the myosin V rigor, ADP, and ADP-BeF X crystal structures (4, 5) by performing geometric simulations (35, 36 ) (see supplemental data in Figs. S2 and S3 ). We find that the upper-50-kDa domain is more flexible in the ADP state than in the ADP-BeF X and rigor states. These results show that the intrinsic flexibility of the upper-50-kDa domain may play a role in allowing myosin to rapidly adopt the strongly bound pre-force conformation. Interestingly, the increased flexibility of the upper-50-kDa domain in the ADP state may allow myosin motors to simultaneously bind tightly to actin and ADP. Because there is a large amount of variability within the myosin superfamily in the degree of coupling between the nucleotide and actin binding regions, the flexibility of the upper-50-kDa domain may be an important determinant of degree of nucleotide/ actin coupling in myosin motors.
In conclusion, we observed a pre-force generation actomyosin ADP⅐P i intermediate during the myosin cross-bridge cycle by monitoring the FRET signal between I-actin and MV FlAsH. We demonstrate a temperature-dependent conformational change before phosphate release associated with M⅐ADP⅐P i binding to actin, which may be important for rapid attachment to actin before phosphate release and force generation. Our results suggest that force generation occurs in a structural state of myosin not yet seen by crystallographic studies, which has both a closed actin binding cleft and closed nucleotide binding pocket.
Materials and Methods
Myosin V cDNA Construction, Expression, and Purification. Myosin V 1IQ constructs (wild-type and E442A MV) containing the upper-50-kDa tetracysteine motif, were coexpressed with calmodulin by using the baculovirus system (15) . FlAsH labeling was very efficient (Ն95%) as determined by absorbance measurements (15) . Actin was purified from rabbit skeletal muscle by using an acetone powder method (37) and labeled with pyrene iodoacetamide (38) or (5((((2-iodoacetyl) amino) ethyl) amino)-naphthalene-1-sulfonic acid) (IAEDANS) (39) . All experiments were performed in KMg50 TCEP buffer (50 mM KCl, 1 mM EGTA, 1 mM MgCl 2, 1 mM TCEP, and 10 mM imidazole-HCl, pH 7.0).
FRET Measurements.
A Quantamaster fluorometer (Photon Technology International), equipped with a 75-watt xenon arc lamp as an excitation source and excitation/emission monochromaters, was used to measure steady-state fluorescence. Steady-state energy transfer measurements were performed by exciting I-actin at 365 nm, and the emission was measured from 400 to 600 nm with a 0.5-nm band pass. The enhancement in acceptor fluorescence was used to calculate the energy transfer efficiency after subtraction of the donor fluorescence (15, 21, 40) . Fluorescence lifetime experiments were performed with a Timemaster Fluorescence Spectrometer (PTI), equipped with a picosecond pulse N 2 dye laser. I-actin fluorescence was excited at 366 nm with a N2 dye laser and the emission measured through a single-grating monochromator at 471 nm. Fluorescence decays were analyzed with Global analysis software provided with the instrument. The quantum yield (Q D) of the donor, extinction coefficients of the donor ( D) and acceptor (A) at the donor excitation wavelength (365 nm), and overlap integral for the I-actin:MV FlAsH pair [J()] were, Q D ϭ 0.38 (Ͻ5% change was observed in the ATP and rigor states), A ϭ 1,259 M Ϫ1 cm Ϫ1 (15), D ϭ 5,700 M Ϫ1 cm Ϫ1 (39), J() ϭ 3.2 ϫ 10 Ϫ13 cm 3 M Ϫ1 and used in our FRET calculations. The steady-state (r) (measured in KMg50 at 25°C) and limiting (r 0) anisotropy (measured in KMg50 in a glycerol solution at Ϫ14°C) was measured for the donor and acceptor fluorophore in the rigor and ATP states (see Table S2 ).
Kinetic Measurements. Transient kinetic experiments were performed in an Applied Photophysics stopped-flow apparatus with a dead time of 1.2 ms. Pyrene actin was excited at 365 nm, and the fluorescence emission was measured by using a 400-nm long pass filter. FlAsH fluorescence was measured by energy transfer from I-actin by exciting at 365 nm and the emission was measured with a 515-nm long pass filter. Nonlinear least-squares fitting of the data was done with software provided with the instrument or Kaleidagraph (Synergy Software). Phosphate release experiments were performed by exciting the PBP at 400 nm and measuring the emission with a 420-nm long pass filter (22) . Uncertainties reported are standard error of the fits unless stated otherwise. Kinetic modeling and simulations were performed with Pro-K software (Applied Photophysics) using a standard myosin V reaction scheme (15, (22) (23) (24) (25) or Scheme 1. All concentrations mentioned in the stopped-flow experiments are final concentrations unless stated otherwise.
Computational Modeling. Three x-ray crystal structures from the Protein Data Bank (PDB ID codes 1OE9, 1W7J, and 1W7I) were used respectively to represent the Rigor, ADP.BeFx, and ADP conformational states of myosin V. Floppy Inclusions and Rigid Substructure Topography [FIRST (35) ] was used to determine the number of independent degrees of freedom and identify flexible and rigid regions within each structure. We used the Framework Rigidity Optimized Dynamic Algorithm (FRODA) to perform a geometric simulation (36) . The root-mean-square displacement (rmsd) for carbon-alpha atoms was calculated for each structure (see Fig. S2 for detailed methods).
